The E26 transformation-specific (ETS) family of transcription factors comprises of 27 and 26 members in humans and mice, respectively, which are known to regulate many different biological processes, including cell proliferation, cell differentiation, embryonic development, neoplasia, hematopoiesis, angiogenesis, and inflammation. The epitheliumspecific ETS transcription factor-1 (ESE-1) is a physiologically important ETS transcription factor, which has been shown to play a role in the pathogenesis of various diseases, and was originally characterized as having an epithelial-restricted expression pattern, thus placing it within the epithelium-specific ETS subfamily. Despite a large body of published work on ETS biology, much remains to be learned about the precise functions of ESE-1 and other epithelium-specific ETS factors in regulating diverse disease processes. Clues as to the specific function of ESE-1 in the setting of various diseases can be obtained from studies aimed at examining the expression of putative target genes regulated by ESE-1. Thus, this review will focus primarily on the various roles of ESE-1 in different pathophysiological processes, including regulation of epithelial cell differentiation during both intestinal development and lung regeneration; regulation of dendritic cell-driven T-cell differentiation during allergic airway inflammation; regulation of mammary gland development and breast cancer; and regulation of the effects of inflammatory stimuli within the setting of synovial joint and vascular inflammation. Understanding the exact mechanisms by which ESE-1 regulates these processes can have important implications for the treatment of a wide range of diseases. KEYWORDS: cancer; development; epithelial cell differentiation; ESE-1; ETS transcription factor; inflammation; regeneration The E26 transformation-specific (ETS) family of transcription factors is characterized by a highly conserved 84-aminoacid DNA-binding domain, known as the ETS domain.
The E26 transformation-specific (ETS) family of transcription factors is characterized by a highly conserved 84-aminoacid DNA-binding domain, known as the ETS domain. 1 Because the first member of the ETS family, the v-ets oncogene, was originally discovered as part of a fusion protein with gag and myb expressed by the E26 avian erythroblastosis-transforming retrovirus and its DNA-binding domain is E26 transformation-specific, this 84-amino-acid DNA-binding domain was named the ETS domain. 1 The ETS domain is usually located within the carboxyl-terminal region of the protein as a winged helix-turn-helix structural motif and mediates binding to sites of purine-rich DNA, commonly containing a core consensus sequence of GGAA/T, within the promoter and enhancer regions of target genes. 2, 3 Many ETS transcription factors also contain a pointed domain, which is located within the amino-terminal region and is involved in protein-protein interactions. 2 Approximately 30 members of the ETS transcription factor family have been identified in mammals (ie 27 in humans and 26 in mice), 4 and have been shown to play crucial roles in the regulation of many physiological and pathological processes, such as embryonic development, 5, 6 neoplasia, [6] [7] [8] [9] hematopoiesis, 10, 11 angiogenesis, [12] [13] [14] and inflammation. 15 Although many ETS family members are expressed in non-epithelial cells, such as hematopoietic and endothelial cells, epithelium-specific ETS transcription factor-1 (ESE-1) belongs to the ESE subfamily of ETS transcription factors, which are believed to be expressed only in epithelial-rich tissues, such as stomach, small intestine, colon, pancreas, trachea, lung, kidney, salivary gland, prostate gland, mammary gland, uterus, and skin. 16, 17 Since its initial discovery and characterization, ESE-1 has been designated by many other names, such as E74-like transcription factor-3 (Elf3), ETS-related transcription factor (Ert), epithelial-restricted with serine box (Esx) and Jen. Elf3 is the murine homolog for the human ESE-1 gene, and is 89% identical to its human homolog at the amino-acid level. 16 Northern blot analysis of ESE-1 mRNA expression in human tissues has previously shown the highest levels of expression to occur in the small intestine, colon, and uterus. 16, 17 Very little to no expression of ESE-1 was detected in many epithelial-poor tissues, such as the spleen, thymus, brain, heart, and skeletal muscle. 16, 17 Similar patterns of expression for Elf3 have also been demonstrated in mouse tissues. 16 Expression of ESE-1 has also been detected in prostate, colon, breast, and cervical cancerderived cell lines. 18 In addition to containing both an ETS domain and a pointed domain, ESE-1 also contains both an A/T hook domain, which is commonly found in highmobility group (HMG) proteins and various other nuclear factors, 17 and a PEST domain (rich in proline, glutamic acid, serine, and threonine amino acids), which is commonly found in rapidly degraded proteins. 16 While the A/T hook domain has been shown to mediate binding to the minor groove of AT-rich tracts of double-stranded DNA, 17 the PEST domain is believed to play a role in protein stability owing to protease targeting. 16 Interestingly, ESE-1 also contains a serine-and aspartic acid-rich (SAR) domain, 19 in which a p21-activated kinase-1 (Pak1) phosphorylation site is present. 20 Other members of the ESE subfamily of ETS factors also include ESE-2 (also known as Elf5), ESE-3 (also known as Ehf), and prostate-derived ETS transcription factor (PDEF). The retained homology of the ETS domains and the core consensus sequence for the preferred DNA binding site for each ESE subfamily member are illustrated in Figures 1  and 2 , respectively. Although the DNA-binding domains of ESE-1 and ESE-2 are closely related with 65% homology within their respective ETS domains, ESE-2 appears to have a more limited and restricted DNA binding specificity than ESE-1. 21, 22 More specifically, whereas ESE-2 can only interact with DNA sequences that contain a GGAA core, ESE-1 also expresses affinity for GGAT in addition to GGAA. 21, 22 The ETS domain of ESE-3 is 84 and 65% identical to the ETS domains of ESE-1 and ESE-2, respectively. 23 In addition, although ESE-3 prefers binding to DNA sequences that contain a GGAA core, it does have some affinity for GGAT. PDEF appears to be more divergent from ESE-1, ESE-2, and ESE-3 with only 42, 45, and 43% amino-acid identity within their respective ETS domains. Importantly, it should be acknowledged that PDEF uniquely prefers binding to DNA sequences that contain a GGAT rather than a GGAA core. 24 In comparison to ESE-1, the tissue expression pattern for ESE-2 is even more restricted. 21, 22 More specifically, whereas ESE-1 is expressed in the majority of epithelial cell types, ESE-2 expression is restricted to differentiated keratinocytes within the epidermis of the skin and glandular epithelium, such as salivary gland, prostate gland, mammary gland, kidney, lung, and stomach. 21, 22 In addition, expression of ESE-2 is absent within the small intestine and colon, 21, 22 which are tissues in which ESE-1 is highly expressed. 16, 17 Although ESE-2 does not have an additional DNA-binding domain, such as the HMG-A/T hook domain that is found in ESE-1, it does have an amino-terminal negative regulatory domain that inhibits DNA binding and is not present in ESE-1 or ESE-3. 21, 22 In similarity to ESE-1 and ESE-2, ESE-3 is exclusively expressed in a subset of epithelial cells with highest expression in glandular epithelium, such as prostate gland, pancreas, salivary gland, and trachea. 23 In addition, low expression levels of ESE-3 have previously been detected in the mammary gland, lung, kidney, and colon, and Figure 1 Alignment of the protein sequences for the highly conserved E26 transformation-specific (ETS) (DNA-binding) domain of the human versions of epithelium-specific ETS transcription factor-1 (ESE-1), ESE-2, ESE-3, and PDEF. The ETS domain is located at the carboxyl-terminus of all four proteins. The number at the beginning of each line indicates the amino-acid position within the protein. The terminal amino-acid sequence outside the ETS domain is underlined. Figure 2 Schematic representation of the respective consensus sequence for the preferred DNA binding site (ie ETS-binding profiles) for both human and mouse epithelium-specific ETS transcription factor-1 (ESE-1), ESE-2, ESE-3, and prostate-derived ETS transcription factor (PDEF), as determined using microwell-based transcription factor-DNA-binding assays. The height of a letter at a particular position is directly proportional to the effect of that nucleotide on the binding affinity. This figure was recreated with permission from a previously published manuscript (see Wei et al 3 ).
ESE-1 in development and disease JR Oliver et al absolutely no expression has been detected in the small intestine. 23 Interestingly, PDEF is almost exclusively expressed in the epithelial layers of the prostate gland with low levels of expression also detected in ovary as well as in mammary and salivary gland, which are all hormone-regulated epithelial tissues. 24 It is also worth noting that no expression of PDEF has been detected in certain epithelialrich tissues, such as the gastrointestinal tract, kidney, or lung. 24 Similar to ESE-1, PDEF also contains two putative PEST domains. 24 Several potential phosphorylation sites are also present within the ESE transcription factors, including tyrosine kinase sites, protein kinase C sites, casein kinase II sites, and c-Jun NH 2 -terminal kinase/p38/extracellular signal-regulated kinase kinase sites. [21] [22] [23] [24] Moreover, in vitro transient transfection studies using multiple ETSresponsive reporter gene constructs have demonstrated that ESE factors can function both as transcriptional activators and repressors. 18 This review will focus on the various roles of the epithelium-specific ETS transcription factor, ESE-1, in different pathophysiological processes within epithelial-rich tissues. In particular, the involvement of ESE-1 in regulating many of these processes is based on findings obtained from in vivo studies utilizing mice with a null mutation of Elf3 as well as in vitro studies utilizing various primary cells and cell lines of epithelial origin. In contrast to previous belief, ESE-1 is not expressed exclusively in epithelial cells and numerous studies have shown an induction of ESE-1 in cells of non-epithelial origin in response to inflammatory stimuli. Therefore, various roles of ESE-1 in relevant inflammatory diseases will also be discussed in this review. In addition, the putative target genes regulated by ESE-1 are listed in Table 1 , and will be discussed in further detail in the following sections with regard to how expression of each target gene is modulated by ESE-1 and in which tissue or cell type it has been shown to occur.
ESE-1 IN EARLY EMBRYONIC DEVELOPMENT
Mice with a null mutation of Elf3 have previously been generated through targeted gene disruption, and on average, approximately 30% of the resultant homozygous mutant mice die in utero at around embryonic day 11.5, 25 suggesting that Elf3 may potentially play an important role in embryonic development. Indeed, others have also reported an involvement of Elf3 and other ETS transcription factors in regulating mouse pre-implantation embryonic development. 5 Interestingly, evidence of abnormalities in the endometrium of the uterus characterized by disorganization of the columnar epithelium and decreased number of uterine glands has been observed in surviving Elf3-deficient (Elf3À/À) mice, 25 which may in part also be related to the partial embryonic fatality of the Elf3À/À offspring in utero. However, it is important to point out that the exact cause(s) of the partial embryonic lethality of Elf3À/À mice during gestation is unknown currently. 25 Future studies aimed at elucidating the exact role of ESE-1 in early embryonic development could potentially provide new insight for this epithelial-specific transcription factor in regulating various differentiation pathways. For instance, experiments focused on examining embryonic stem cell differentiation to endoderm, and then subsequently to other epithelial cell lineages 26, 27 in Elf3À/À mice as well as utilizing the inducible pluripotent stem (iPS) cell strategy 28, 29 of genetically reprogramming somatic cells (eg fibroblasts) isolated from Elf3À/À mice into pluripotent embryonic stem cell-like cells or iPS cells can potentially reveal a direct involvement of ESE-1 in regulating cellular differentiation pathways during embryonic development.
ESE-1 IN REGULATING EPITHELIAL CELL DIFFERENTIATION DURING INTESTINAL DEVELOPMENT
Many of the Elf3À/À progeny that survive until birth have been observed to have diminished weight gain and eventually develop a 'wasting syndrome' that is characterized by a malnourished physical appearance, watery diarrhea, and lethargy. 25 Most importantly, Elf3À/À mice also exhibit a distinct phenotype in the small intestine during fetal/neonatal development, which includes severe morphological alterations in tissue architecture manifested by poor villus formation along with improper morphogenesis of the microvilli and defective terminal differentiation of absorptive enterocytes and mucus-secreting goblet cells. 25 Moreover, it has been shown that the enterocytes within the small intestinal epithelium of Elf3À/À mice express reduced protein levels of transforming growth factor-b type II receptor (TGF-b RII), which is a potent inhibitor of cell proliferation and an inducer of epithelial cell differentiation. 25 It was subsequently demonstrated that ectopic expression of the human TGF-b RII transgene specifically in the intestinal epithelium of Elf3À/À mice could rescue the previously characterized intestinal defects of Elf3À/À mice. 30 Thus, this phenotypic rescue had provided strong in vivo evidence that Elf3 is the critical upstream regulator of TGF-b RII gene expression in the mouse small intestinal epithelium. 30 Indeed, many in vitro studies have also established that the TGF-b RII gene is a definite target of Elf3, and that Elf3 transactivates the TGF-b RII gene promoter by binding to two adjacent ETS binding sites. [31] [32] [33] [34] [35] [36] [37] Interestingly, human gastric cancer cell lines do not express ESE-1 mRNA and in turn show undetectable levels of TGF-b RII mRNA. 38 Further evidence of ESE-1-mediating TGF-b RII gene expression has also been provided from experiments with human colon cancer cell lines. 34 In human colonic epithelial cells, ESE-1 has also been shown to regulate gene expression of the proinflammatory cytokine, macrophage inflammatory protein-3a (MIP-3a). 39 Another group has previously reported that CR6-interacting factor 1 (Crif1) plays an essential role in Elf3-mediated intestinal development by functioning as a transcriptional co-activator of Elf3 during terminal differentiation of the ESE-1 in development and disease JR Oliver et al 25, 30 Mouse bronchiolar airway epithelium 42 Mouse embryonal carcinoma cell line (F9) 33, 35, 37 Human embryonic kidney cell line (HEK 293T) 33, 35, 37 Human hepatoblastoma cell line (HepG2) 31 Human gastric cancer cell line (SNU-620) 31 Human colon cancer cell line (RKO) 34 Human breast cancer cell lines (SK-BR3, Hs578t) 31, 32 Human cervical cancer cell line (HeLa 229) 31, 33 Macrophage inflammatory protein-3a (MIP-3a)m Human colonic epithelial cell line (Caco-2) 39 Small proline-rich protein 1B (SPRR1B)m Primary human tracheobronchial epithelial cells 41 Human bronchial epithelial cell line (BEAS-2B) 41 Human lung adenocarcinoma epithelial cell line (NCI-H441) 41 Epithelium-specific ETS transcription factor-3 (ESE-3)m Human bronchial epithelial cell line (BEAS-2B) 44 Human lung carcinoma cell line (A549) 44 Interleukin-6 (IL-6)m Mouse lung tissue 44 Primary mouse airway epithelial cells 47 Primary mouse bone marrow-derived dendritic cells 47 Human bronchial epithelial cell line (BEAS-2B) 47 Interleukin-12 (IL-12)m Primary mouse bone marrow-derived dendritic cells 47 Lysozyme (LYZ)m Primary human bronchial airway epithelial cells 46 Human lung carcinoma cell line (A549) 46 Human lung mucoepidermoid carcinoma-derived cell line (NCI-H292) 46 Human lung adenocarcinoma epithelial cell line (NCI-H441) 46 Human cervical cancer cell line (HeLa) 46 Whey acidic protein (WAP)m Mouse mammary epithelial cell line (HC-11) 48 Erythroblastic leukemia viral oncogene homolog 2 (ErbB-2)m Simian kidney fibroblast cell line (COS) 54 Human cervical cancer cell line (HeLa) 58 Small proline-rich protein 2A (SPRR2A)m Primary human foreskin keratinocytes 17 Human keratinocyte cell line (HaCaT) 60 Simian kidney fibroblast cell line (COS-1) 60 Mouse embryonic fibroblast cell line (NIH 3T3) 60 Human esophageal squamous carcinoma cell lines (TE-11, TE-12) 61 Human cervical cancer cell line (HeLa) 61 Transglutaminase-3 (TGM-3)m Normal human epidermal keratinocytes (NHEK cells) 59 Human keratinocyte cell line (HaCaT) 59 Human cervical cancer cell line (HeLa) 59 Human neuroblastoma cell line (SK-N-AS) 59 Profilaggrinm Normal human epidermal keratinocytes (NHEK cells) 59 Human keratinocyte cell line (HaCaT) 59 Human cervical cancer cell line (HeLa) 59 Human neuroblastoma cell line (SK-N-AS) 59 Keratin 4 (K4)k Human esophageal squamous carcinoma cell lines (TE-11, TE-12) 61 Human cervical cancer cell line (HeLa) 61 ESE-1 in development and disease JR Oliver et al intestinal epithelium. 40 The intestinal epithelium-specific Crif1-deficient (Crif1À/À) mice, which were used in this study, died soon after birth and displayed severe alterations in tissue architecture of the developing small intestine, including poor microvillus formation and abnormal differentiation of absorptive enterocytes, and these phenotypes were largely similar to those previously observed in Elf3À/À mice. 40 It was also shown that Crif1 interacted with Elf3 through its ETS DNA-binding domain and enhanced the transcriptional activity of Elf3 by regulating its DNA-binding activity, whereas knockdown of Crif1 by RNA interference conversely attenuated the transcriptional activity of Elf3. 40 In addition, the expression level of TGF-b RII, a critical target gene of Elf3, was also dramatically reduced in the Crif1À/À mice, 40 thus suggesting that both Elf3 and Crif1 cooperate in regulating transcription of the TGF-b RII gene. However, subsequent in vitro experiments aimed at examining the detailed molecular interactions between Elf3 and its potential binding partners at the TGF-b RII gene promoter are required to know the exact molecular mechanism of how TGF-b RII gene transcription is regulated. In addition, even though we now have a clearer understanding of the molecular mechanisms of Elf3-mediated intestinal development in mice, further studies are needed to examine a potential association of human ESE-1 with related gastrointestinal diseases, such as inflammatory bowel disease and colorectal cancer.
ESE-1 IN LUNG CANCER, DEVELOPMENT, AND REGENERATION
Expression of ESE-1 has been detected in some human lung cancers, such as large-cell carcinoma and adenocarcinoma, and in lung cancer-derived cell lines, such as A549. 16 Overexpression of the squamous differentiation marker, small proline-rich protein 1B (SPRR1B), in the bronchial airway epithelium is a marker for early metaplastic changes induced by various toxicants/carcinogens. 41 Interestingly, it has been shown that induction of SPRR1B gene expression in bronchial epithelial cells is mediated in part by protein-protein interactions between ESE-1 and other transcription factors, such as specificity protein 1 and activator protein 1 (AP-1), at the proximal and distal promoter regions, respectively. 41 With regards to lung development, very high levels of Elf3 expression have previously been detected within the Primary human aortic smooth muscle cells (HASMCs) 69, 72 Primary rat aortic smooth muscle cells (RASMCs) 69, 72 Human acute monocytic leukemia cell line (THP-1) 69 Mouse leukaemic monocyte macrophage cell line (RAW 264.7) 69 Mouse thoracic aorta smooth muscle and endothelium ESE-1 in development and disease JR Oliver et al developing fetal mouse lung. 16 However, further experiments are definitely required to obtain a better understanding of the exact role played by this transcription factor in both lung cancer and development.
In similarity to the pathological and physiological processes of lung cancer and lung development, we have recently found an involvement of Elf3 in the regulation of lung regeneration in adult mice after treatment with the Clara cell-specific toxicant, naphthalene. 42 More specifically, the kinetics of cell proliferation and mitosis as well as Clara cell renewal was delayed within the distal bronchiolar airway epithelium of Elf3À/À mice as compared with their wildtype counterparts during repair following naphthaleneinduced Clara cell injury. 42 In contrast, there was a significantly greater level of cell proliferation and mitosis within the peribronchiolar interstitium of Elf3À/À mice than in wild-type mice. 42 As the absence of Elf3 did not affect the severity of naphthalene-induced Clara cell damage in Elf3À/À mice, 42 the observed differences in airway epithelial repair kinetics between wild-type and Elf3À/À mice were most likely not due to differences in the extent of initial injury. The delayed kinetics of cell proliferation and Clara cell reconstitution observed within the airway epithelium of Elf3À/À mice was more likely due to changes in gene expression for proteins involved in regulating epithelial cell proliferation and/or differentiation during repair after injury. Indeed, we had also found that Elf3À/À mice express substantially reduced levels of TGF-b RII, which is a well-known transcriptional target gene of Elf3 and is involved in the induction of epithelial cell differentiation, in the bronchiolar airway epithelium both basally and during repair after naphthalene injury. 42 Collectively, these findings suggest that Elf3 plays an important role in the regulation of lung cell proliferation and differentiation during repair of the injured airway epithelium. Furthermore, it is worth noting that as the naphthalene-induced model of acute airway epithelialspecific injury and subsequent repair is not normally associated with excessive inflammation, 43 it is more likely that Elf3 is contributing to this pathophysiological process through its role as a regulator of epithelial homeostasis rather than as a mediator of inflammation. It must be discussed, however, that a major caveat of the Elf3À/À mouse model utilized in our study is the absence of Elf3 during lung development. Thus, the possibility of compromised lung development in these Elf3À/À mice cannot be ruled out as it has been previously reported that Elf3 is highly expressed in the developing fetal mouse lung. 16 Therefore, the possibility of an impairment of lung development resulting in a potential reduction of progenitor cells in adult Elf3À/À mice could possibly play a role in the delayed repair kinetics observed in these mice following naphthalene injury. Future studies focused on examining progenitor cells during lung development in Elf3À/À mice as well as airway epithelial repair after conditionally ablating Elf3 in adult mice are required to delineate these possibilities.
ESE-1 IN AIRWAY INFLAMMATION
Our research group has previously shown that ESE-1 expression is upregulated in human bronchial airway epithelial cell lines after treatment with the proinflammatory cytokines, interleukin-1b (IL-1b) and tumor necrosis factora (TNF-a). 44 Furthermore, this cytokine-induced expression of ESE-1 is mediated by activation of the transcription factor, nuclear factor-kB (NF-kB), and after thorough characterization of the ESE-1 gene promoter, the NF-kB binding sequences that are required for this upregulation of ESE-1 expression were identified. 44 Indeed, others have also previously shown the presence of TATA and CCAAT boxes, as well as potential binding sites for various ETS factors and NF-kB within the promoter region of the ESE-1 gene. 45 In addition, we had also demonstrated that ESE-1 upregulates the expression of another member of the ESE subfamily of ETS transcription factors, ESE-3, and downregulates its own induction by cytokines, IL-1b and TNF-a. 44 Lastly, we found there to be reduced protein levels of the proinflammatory cytokine, IL-6, in the bronchoalveolar lavage fluid, lung tissue extract, and serum of Elf3À/À mice as compared with their wild-type littermates after intranasal instillation of lipopolysaccharide (LPS), 44 suggesting a possible role for Elf3 in the regulation of IL-6 expression within the setting of airway inflammation. Interestingly, in cultured primary airway epithelial cells, ESE-1 has also been reported to transactivate the promoter of the human lysozyme gene, which is an essential component of innate immune defense in the lung epithelia. 46 Since Elf3À/À mice had shown impairment in IL-6 production upon exposure to LPS and IL-6 is a key cytokine involved in T H 17 differentiation, we also examined a potential role of Elf3 in regulating pulmonary inflammation using an airway inflammation model that is known to be dependent on T H 17 response. 47 Upon epicutaneous sensitization with the antigen, ovalbumin (OVA), followed by subsequent intranasal airway challenge with OVA, we have recently found that Elf3À/À mice mount an impaired T H 17 response. 47 Surprisingly, higher T H 2 antibody titers along with a more severe extent of airway inflammation was observed in Elf3À/À mice as compared with their wild-type littermates. 47 As these findings were likely due to an exaggerated T H 2 response in Elf3À/À mice, we also investigated a possible involvement of Elf3 in T H 2-driven allergic airway inflammation. 47 Using a model of intraperitoneal sensitization with OVA followed by airway OVA challenge, we found that Elf3À/À mice did indeed mount an exaggerated T H 2 response. 47 Further analysis revealed that although Elf3À/À T cells were normal, Elf3À/À dendritic cells (DCs) underwent hypermaturation and were impaired in the production of the T H 1-inducing cytokine, IL-12, and the T H 17-inducing cytokine, IL-6, which accounted for these exaggerated T H 2 and impaired T H 17 responses. 47 In addition, although the regulation of genes encoding for T H 2-polarizing cytokines was normal in Elf3À/À airway epithelial cells, IL-6 production was markedly reduced. 47 Taken together, these findings identify a key role for Elf3 in regulating allergic airway inflammation by controlling DC-driven T-cell differentiation in mice. Thus, human ESE-1 may be an important factor involved in regulating the development of T H 2-and T H 17-dependent diseases, such as allergy and asthma. However, the extent of contribution from epithelial cells in these pathological processes is not completely clear yet and requires further investigation. Further studies aimed at examining a potential connection between polymorphisms within the ESE-1 gene and susceptibility to developing various airway inflammatory diseases, such as asthma and cystic fibrosis, are also needed to delineate these possibilities.
ESE-1 IN MAMMARY GLAND DEVELOPMENT AND BREAST CANCER
In situ expression analysis in human mammary gland has shown that ESE-1 is expressed specifically in the epithelial cells of the ductules and lobular structures. 48 Also, ESE-1 has been reported to positively regulate transcription of the whey acidic protein (WAP) gene in mammary epithelial cells, independently of lactogenic hormone treatment. 48 WAP is one of the major milk proteins produced by mammary epithelial cells during pregnancy and lactation. Interestingly, Elf3 mRNA levels increase within the mammary gland epithelium during murine pregnancy and early lactation. 49 This suggests that ESE-1 may function to control processes related to cellular proliferation and differentiation as the mammary gland undergoes extensive epithelial cell proliferation along with subsequent differentiation and milk protein synthesis during pregnancy and lactation. In addition, the fact that murine Elf3 is also induced during involution of the mammary gland epithelium after weaning suggests that ESE-1 may also play a role in the regulation of apoptotic pathways as mammary alveolar structures collapse and the secretory epithelial cells are removed during the apoptotic and remodeling phases of glandular involution. 49 Further studies aimed at investigating the specific function of ESE-1 in both mammary gland development and involution are required to identify the exact role of this transcription factor in regulating these important physiological processes.
It is important to point out the fact that benign, nontransformed mammary epithelial cells, cell lines, and breast tissues express very low levels of ESE-1 protein. 19 However, transient nuclear ESE-1 expression in MCF-10A/MCF-12A benign, non-transformed mammary epithelial cells results in apoptosis 19 and/or decreased cell proliferation, 50 whereas similar nuclear ESE-1 expression in fully transformed mammary epithelial cells fails to induce apoptosis. 19 Although it was previously presumed that many ETS factors transform mammary epithelial cells via their nuclear transcriptional functions, it has been shown that ESE-1 protein is localized within the cytoplasm in human breast cancer cells and that initiation of transformation of benign MCF-12A cells by stable expression of ESE-1 is mediated by the SAR domain of ESE-1, which acts in the cytoplasm via an unknown nonnuclear and non-transcriptional mechanism. 19 Importantly, the nuclear localization of ESE-1 protein maintains the transformed phenotype of fully transformed mammary epithelial cells. 51 Others have reported that the signaling kinase, Pak1, interacts with and selectively phosphorylates ESE-1 at serine 207, which is located within the SAR domain. 20 It was further demonstrated that ESE-1 is a labile protein, which readily undergoes ubiquitin-dependent proteolysis by interacting with the F-box-binding protein, b-transducin repeat-containing protein, and that the stability and transforming potential of ESE-1 can be enhanced via this phosphorylation-dependent regulation by Pak1. 20 Taken together, these studies have provided valuable knowledge towards understanding the molecular mechanisms of ESE-1-mediated transformation; however, the exact cytoplasmic-and Pak1-dependent mechanism by which ESE-1 initiates transformation in mammary epithelial cells still remains to be determined. Interestingly, others have demonstrated that ESE-1 expression alone can induce a transformed and in vitro metastatic phenotype along with functional and morphological epithelial-to-mesenchymal transition in otherwise normal MCF-12A human breast epithelial cells. 52 Furthermore, specific knockdown of endogenous ESE-1 in the human breast carcinoma ZR-75-1 and MCF-7 cell lines decreased cellular proliferation, colony formation, and anchorage-independent growth. 51 Collectively, these findings suggest that ESE-1 plays a key role in maintaining the transformed phenotype by controlling cell proliferation in human breast cancer cells, thus providing a potentially novel target for future breast cancer therapy.
ESE-1 is located at human chromosome 1q32.1 in a region known to be amplified in 50% of early breast cancers, 53 and ESE-1 mRNA is overexpressed at an early stage of human breast cancer development known as ductal carcinoma in situ. 54 In addition, the presence of both fully spliced and partially unspliced forms of ESE-1 mRNA has been detected in human breast cancer cell lines and breast cancer tissues. 55 Moreover, higher levels of ESE-1 mRNA and protein expression were detected in breast cancer cells than in normal breast epithelial cells, and an overexpression of ESE-1 has been observed in primary breast tumor specimens as compared to normal mammary tissues. 56 ESE-1 expression is also upregulated in a subset of breast tumors and breast cancer-derived cell lines that express high levels of the Her2/Neu proto-oncogene, which is also known as erythroblastic leukemia viral oncogene homolog 2 (ErbB-2). 54 Transient reporter assays using the ESE-1 promoter have shown that ESE-1 transcription is regulated by ErbB-2 receptor signaling in epithelial breast cancer cells, where expression of ErbB-2 upregulates ESE-1 promoter activity, while inhibition of ErbB-2 or its downstream signaling pathways decrease both ESE-1 promoter activity and endogenous ESE-1 protein levels. 57 Thus, these findings identified the ESE-1 promoter as a potential transcriptional target of ErbB-2, and indicate ESE-1 expression as a downstream mediator of ErbB-2 signaling and ErbB-2-induced gene expression in the context of breast tumorigenesis. 57 It has also been shown that ESE-1 is able to activate several malignancy-associated gene promoters, including the Her2/Neu (ErbB-2) promoter, and that ESE-1 expression is required for cellular survival of both non-transformed MCF-12A and transformed T47D human mammary epithelial cells in colony formation assays. 58 Therefore, a positive feedback loop with both ErbB-2 and ESE-1 is believed to occur based on the observations of increased ESE-1 expression in response to Her2/Neu receptor activation and ESE-1 subsequently binding and activating the Her2/Neu gene promoter. Moreover, it has also been reported that ESE-1 and ErbB-2 can cooperate to confer an invasive phenotype in human mammary epithelial cells. 50 In contrast, overexpression of ESE-1 in human breast cancer cells has been shown to induce endogenous TGF-b RII expression, resulting in restitution of the TGF-b signaling pathway along with a significant reduction in resistance to the growth inhibitory effects of TGF-b. 32 
ESE-1 IN TERMINAL DIFFERENTIATION OF THE EPIDERMAL SKIN EPITHELIUM
An induction of ESE-1 expression has been reported to occur during terminal differentiation of the skin epidermis and in a primary human keratinocyte differentiation system. 17 Moreover, transient reporter assays have shown that ESE-1 activates the expression of genes critical for terminal differentiation of epidermal keratinocytes, such as small prolinerich protein 2A (SPRR2A), 17 transglutaminase-3, 59 and profilaggrin. 59 It has also been demonstrated that Skn-1a, a specific isoform of the transcription factor Skn-1, interacts and functionally cooperates with ESE-1 in transcriptional activation of the SPRR2A promoter in a human keratinocyte cell line. 60 The human keratin 4 gene plays an important role in early differentiation of the esophageal squamous epithelium, and ESE-1 was also reported to suppress basal keratin 4 promoter activity and simultaneously activate the late differentiation linked SPRR2A promoter in both esophageal and cervical cancer epithelial cell lines. 61 Interestingly, both ESE-1 and AP-1 have been shown to regulate cooperatively the expression of another human keratinocyte terminal differentiation marker, SPRR1A, at the proximal promoter region of the gene. 62 In addition, the promoter region of the human SPRR3 gene contains multiple regulatory elements involved in keratinocyte differentiation-specific expression, including a high-affinity ETS binding site bound by ESE-1. 63 Collectively, the findings obtained from the aforementioned studies suggest that ESE-1 plays an important role in regulating terminal differentiation of the epidermal epithelium; however, further studies are required to understand the exact role of ESE-1 in this important physiological process.
ESE-1 IN THE CORNEAL AND RETINAL EPITHELIUM OF THE EYE
ESE-1 has been shown to be upregulated upon differentiation in the embryonic/postnatal and adult mouse corneal epithelium and in immortalized human corneal epithelial cells, and this upregulation correlated with increased expression of K12 keratin, which is a marker for differentiated corneal epithelial cells. 64 High levels of Elf3 expression have also been reported to occur within the retinal pigment epithelium (RPE) of the retina in rats. 65 ESE-1 has also been shown to be expressed in the human RPE cell lines, D407 and hTERT-RPE1. 65 Moreover, ESE-1 was shown to upregulate the promoter of an important ocular gene, tissue inhibitor of metalloproteinase 3 (TIMP3). 65 Thus, the specific expression of ESE-1 in the RPE may reflect an important role for this transcription factor in retinal function. Furthermore, the regulation of TIMP3 expression by ESE-1 may have implications for degenerative retinal diseases, such as agerelated macular degeneration. Future experiments aimed at discovering the precise role of ESE-1 within both the corneal epithelium and RPE of the eye are required to clarify these possibilities. 69, 71, 72 More specifically, it has been shown that this induction relies on the translocation of the NF-kB family members p50 and p65 to the nucleus and subsequent transactivation of the ESE-1 promoter by a high-affinity NF-kB binding site. 66 Furthermore, the expression of ESE-1 has also been observed in cells of the synovial lining layer and in some mononuclear and endothelial cells in inflamed synovial tissues from patients with rheumatoid arthritis and osteoarthritis. 66 Collectively, these findings suggest that ESE-1 may play a role in mediating some of the effects of proinflammatory stimuli in various cells at the sites of inflammation. It has also been demonstrated that ESE-1 can specifically bind and transactivate the promoter of the gene encoding for angiopoietin-1 (Ang-1), which is an important angiogenic growth factor that promotes the chemotaxis of endothelial cells and facilitates the maturation of new blood vessels during the process of angiogenesis in various inflammatory responses. 67 Moreover, ESE-1 and Ang-1 are induced in synovial fibroblasts in response to inflammatory cytokines, with ESE-1 induction slightly preceding that of Ang-1, and both ESE-1 and Ang-1 exhibit a similar and strong expression pattern in the synovium of patients with rheumatoid arthritis. 67 Taken together, these findings imply that ESE-1 may also function as a transcriptional mediator of angiogenesis in the setting of inflammation. Interestingly, an induction of ESE-1 by IL-1b was found to occur in human chondrocytes, with ESE-1 functioning as a potent transcriptional suppressor of promoter activity for the type II collagen (COL2A1) gene and accounting for the sustained, NF-kB-dependent inhibition of COL2A1 expression by IL-1b. 68 Moreover, intracellular staining for ESE-1 was observed in chondrocytes from patients with osteoarthritis, but not in normal cartilage, suggesting a fundamental role for ESE-1 in cartilage degeneration and suppression of repair. 68 Substantial evidence for the involvement of ESE-1 in vascular inflammation has also been provided from many different studies. For instance, ESE-1 has been shown to interact with the p50 subunit of NF-kB during the regulation of transcription of the inducible nitric-oxide synthase (NOS2) gene. 69 Furthermore, strong expression of ESE-1 has been observed within the vascular smooth muscle and endothelium in a mouse model of endotoxemia, which is associated with acute vascular inflammation. 69 Others have reported that ESE-1 binds to and activates the promoter of the cyclooxygenase-2 (COX-2) gene in monocytes/macrophages in response to LPS. 70 As COX-2 is a key enzyme involved in the production of prostaglandins that are major inflammatory agents, neutralization of COX-2 is a potentially important aim for designing many anti-inflammatory drugs, and as an activator of COX-2 induction, ESE-1 is a potential target for such therapeutics as well. 70 Other proteins, including the transcriptional co-activators p300 and cAMPresponse element-binding-binding protein, have been shown to interact with ESE-1 and enhance its transcriptional activity in vascular endothelial cells. 71 In contrast, the Ku proteins, Ku70 and Ku86, which are involved in the repair of DNA damage, have been reported to bind to the DNA-binding domain of ESE-1 and negatively regulate its transcriptional activity. 71 In vivo evidence for an involvement of ESE-1 in vascular inflammation has also been provided in an angiotensin II (Ang II)-induced model of vascular inflammation and remodeling, where Elf3À/À mice have been observed to exhibit increased inflammatory cell infiltration into the aortic vessel wall, intimal-medial thickening, and perivascular fibrosis of the aorta, as well as elevated systolic blood pressure as compared to the wild-type littermate controls. 72 Interestingly, reduced expression of NOS2 was also observed in Elf3À/À mice infused with Ang II, suggesting that maintenance of NOS2 expression may be a mechanism by which ESE-1 offers vascular protection. 72 Collectively, these findings provide valuable insight with regard to the involvement of ESE-1 in vascular dysfunction in the context of inflammation; however, further studies are required to confirm the putative vascular protective effects of ESE-1-mediated NO release in the Ang II-dependent model of vascular inflammation.
ESE-1 IN NON-EPITHELIAL CELLS IN THE SETTING OF INFLAMMATION

CONCLUDING REMARKS
In conclusion, the studies discussed in this review have provided ample experimental evidence that the epitheliumspecific ETS transcription factor, ESE-1, is involved in regulating a variety of pathophysiological processes. Although the expression of ESE-1 was initially believed to occur exclusively in epithelial cells, many experiments have now proven that ESE-1 expression can be induced by inflammatory stimuli in various cell types of non-epithelial origin. Thus, ESE-1 is a multifaceted transcription factor that participates in many biological processes, mainly including controlling epithelial cell differentiation by regulating TGF-b RII expression during both intestinal development and lung regeneration; regulating DC-driven T-cell differentiation as well as IL-6 expression during allergic airway inflammation; and mediating the effects of proinflammatory stimuli in the setting of synovial joint tissue and vascular inflammation. Moreover, it seems quite possible that distinct patterns of expression of its target genes may account for the divergent roles of ESE-1 in tissue stasis and inflammation. Given the similarities of the physiological process of development with the pathological process of neoplasia as well as the role of inflammatory processes in influencing cancer progression, it is also quite possible that in certain cancer states (eg breast and/or lung cancer), ESE-1 may play homeostatic roles akin to its role in regulating both development and inflammation. Although previous studies have identified a role of ESE-1 in the aforementioned processes, further studies are needed to fully understand the exact underlying molecular mechanisms. Furthermore, as there is substantial evidence for the involvement of ESE-1 in regulating a diverse range of pathological processes overall, there is a high likelihood for this transcription factor to be a candidate susceptibility gene for various disorders.
